A readily releasable pool (RRP) of synaptic vesicles has been identified at hippocampal synapses with application of hypertonic solution. RRP size correlates with important properties of synaptic function such as release probability. However, a discrepancy in RRP size has been reported depending on the method used to evoke synaptic release. This study was undertaken to determine quantitative relationships between the readily releasable pool defined with hypertonic solution and that released with trains of action potentials. We find that asynchronous release at cell culture synapses contributes significantly to the discharge of the RRP with trains of action potentials, and that RRP size is the same when elicited by either nerve stimuli or hypertonic challenge.
Introduction
Various functional pools of synaptic vesicles have been identified including a readily releasable pool (RRP) that is immediately available for exocytosis (Rizzoli and Betz 2005) . The size of the RRP is a primary determinant of synaptic strength (Dobrunz and Stevens 1997; Elmqvist and Quastel 1965; Rosenmund and Stevens 1996) , and corresponds morphologically with the number of docked vesicles at the active zone (Murthy et al. 2001; Schikorski and Stevens 2001, 1997) . As an important parameter of synaptic performance, several methods have been developed for physiological RRP size estimation.
In cultured hippocampal neurons, one of the most commonly employed techniques for RRP size estimation is hypertonic solution application. Hypertonic challenges are advantageous because they do not depend on increases in presynaptic calcium (Rosenmund and Stevens 1996) . The processes of shortterm plasticity such as augmentation, facilitation & accelerated refilling are dependent on presynaptic increases in calcium (Magelby 1987; Zucker and Regehr 2002) , and probing the RRP size without presynaptic calcium increases can offer a compelling advantage for some experiments (Otsu et al. 2004; Pyle et al. 2000; Stevens and Sullivan 1998; Stevens and Wesseling 1999a) . Also pertinent for the findings below, presynaptic calcium increases are necessary for asynchronous or tonic neurotransmitter release that occurs during action potential trains (Barrett and Stevens 1972; Cummings et al. 1996; Goda and Stevens 1994; Hagler and Goda 2001; Jensen et al. 2000; Lu and Trussell 2000; Otsu et al. 2004 ).
With multiple calcium-dependent mechanisms at work, it can be difficult to predict RRP size using action potential trains. Despite these difficulties, several analytic methods have been developed (Elmqvist and Quastel 1965; Schneggenburger et al. 1999; Schneggenburger et al. 2002; Wesseling and Lo 2002) . A recent study applied one of these methods and concluded that there is a discrepancy in RRP size in glutamatergic hippocampal synapses depending on the method used to evoke synaptic release (Moulder and Mennerick 2005) .
These investigators found RRP size was ~5x smaller when elicited with action potential trains compared to hypertonic solution application, and concluded that reluctant vesicles (Schneggenburger et al. 2002; Wu and Borst 1999) contribute to this discrepancy. This paper does not address heterogeneous subpopulations of the RRP, but we apply published methods to our data, and conclude that RRP size is the same when discharged by either nerve stimuli or hypertonic challenge.
Independent of RRP size estimation, the study began with a seemingly similar but actually quite different question: in excitatory hippocampal neurons, how many action potentials are required to evoke an equivalent amount of synaptic release as a brief hypertonic challenge?
We then performed several experiments demonstrating the importance of asynchronous release before developing an estimate of RRP size based solely on the responses to action potentials. We will conclude that a remarkably consistent finding is that [25] [26] [27] [28] [29] [30] action potentials at 20 Hz are sufficient to release the RRP. 
Data Analysis
The readily releasable pool at hippocampal synapses was defined physiologically by a 4.5s application of 0. 5B ), the data set consisted of charge integrals of total synaptic charge transfer inclusive of both synchronous and asynchronous release, and a line of best fit was calculated by linear regression. An operationally equivalent presentation of cumulative area analysis is shown in fig. 5D .
An alternative measurement of the RRP size was obtained using the method This expression corrects for the charge transfer from synaptic vesicles that became newly available and were released in the course of the action potential train. This is conceptualized in fig. 5C as an increasing fraction of total charge transfer predicted to result from synaptic vesicles that became newly available during the course of the action potential train. The correction shown in fig. 5C follows from the model, but is not a plot of the expression above.
Spontaneous events were obtained from the baseline period preceding each train and starting 1 second after the end of the train. Asynchronous release has 100-200ms time constant (Goda and Stevens 1994) so asynchronous quantal release was measured between 50 ms (to avoid any synchronous release) and 300 ms after the end of the action potential train where asynchronous release would be maximal and the predominant mechanism.
Results

Discharge of the Readily-Releasable Pool by Action Potentials
Our main observation is a measurement of synaptic release during action potential trains at 3 different frequencies shown in figure 1. Cumulative charge integrals during the action potential trains are shown normalized to the RRP size determined with hypertonic solution application. For clarity, until the final section, we reserve the term "RRP" to refer to the transfer of synaptic charge elicited by a brief application of hypertonic solution (Rosenmund and Stevens 1996; Stevens and Tsujimoto 1995) . We use the terms "release" and "discharge" of this RRP to refer to transfer of synaptic charge equivalent to one full RRP. This contrasts to a RRP that is "empty" or "depleted" which refers to a minimum of RRP fullness following sustained synaptic activity (Wesseling and Lo 2002) . These states are not equivalent because there is an active replenishment process.
The basic experimental strategy was to determine the RRP size with hypertonic solution application, and then use this value to normalize measurements of synaptic release during action potential stimulation. As postsynaptic quantal size does not change during the osmotic shock or short trains of action potential (Bekkers et al. 1990; Mennerick and Zorumski 1995; Stevens and Tsujimoto 1995; Stevens and Wesseling 1998, 1999b) (fig. 4) , the RRP size and amount of synaptic release can be measured up to a proportionality constant with charge integrals of the synaptic currents (Stevens and Wesseling 1998). Although the absolute value of the charge integrals depends on the number of synaptic connections, relative values within the same cell are directly comparable as both forms of stimulation draw from the same population of vesicles (Rosenmund and Stevens 1996) .
The experimental design took into account various advantages and disadvantages of our preparation. We used primary tissue cultures that included isolated hippocampal neurons on small "islands" that form synaptic connections with themselves called "autapses" (Bekkers and Stevens 1991; Segal and Furshpan 1990) . Only excitatory neurons were included in the study. Action potentials evoked in the cell body activate the neuron's entire complement of synapses, and by superfusion of the entire island with hypertonic solution the same population of synapses can be studied with both forms of stimulation.
However, since a single patch electrode is used to both evoke action potentials and record the response, the resulting record includes non-synaptic currents from the shock artifact and action potentials. Therefore, the experimental design for figure 1 was successive measurements under 3 conditions: hypertonic solution application, action potential train, and then action potential train in the presence of non-NMDA glutamate receptor blocker CNQX. In the presence of CNQX, synaptic currents are blocked and non-synaptic currents isolated; the record obtained with action potential stimulation in the presence of CNQX was subtracted from the standard action potential train to remove artifacts from nonsynaptic currents. fig. 2B ; this area forms the basis of the charge integral. To take into account asynchronous release and to allow comparison to the response to hypertonic challenge, our measurements during action potential trains are in terms of charge instead of an alternative such as peak amplitude.
To ensure that our measurements during action potential trains are valid, we tested whether these currents arose from synaptic release. In particular, we wanted to make sure that the currents we were associating with asynchronous release were actually synaptic in origin (Otsu et al. 2004) . During a train of action potential stimulation when the predominant form of release was asynchronous, the non-NMDA receptor blocker CNQX was applied; CNQX blocked all currents in our recordings except the known non-synaptic currents from the shock artifact & action potentials (data not shown).
We also tested to make sure that these currents were not unique to the autapse preparation. Figure 2C shows a recording from a postsynaptic cell in a cell pair (Cummings et al. 1996; Jensen et al. 2000) . Action potentials were elicited in one cell, and the resulting synaptic currents are recorded in the nearby postsynaptic cell. The synaptic currents in cell pairs exhibit a similar buildup of asynchronous release. However, measurements in terms of the hypertonic RRP like fig. 1 could not be made since action potentials and hypertonic solution application do not activate the same population of synapses in cell pairs. 
Quantal Size Is Unchanged Following Action Potential Trains
To ensure the accuracy of our measurements, postsynaptic quantal size was determined before and after action potential trains. This also served as a final test that our currents were indeed synaptic in origin. Although quantal size in our preparation has been found to be unchanged under various conditions (Bekkers et al. 1990; Mennerick and Zorumski 1995; Otsu et al. 2004; Stevens and Tsujimoto 1995; Stevens and Wesseling 1998, 1999b; Stevens and Williams 2000) , one of the assumptions of this study is that the postsynaptic sensitivity to neurotransmitter is unchanged during the action potential trains. We tested this assumption by comparing the distribution of mEPSC amplitudes between control conditions and following our action potential train. Our strategy was to obtain measurements from cells in their 4 th day in culture where individual release events could be resolved following the action potential train. Quantal size could not be directly obtained from recordings used to make our other measurements since individual release events could not be resolved (see fig. 2B ). Evidence that postsynaptic sensitivity to neurotransmitter is unchanged supports a key assumption of this study.
Discrepancy in RRP Size with Cumulative Methods
We next applied published methods to our data to make RRP size estimates based solely on the recordings during action potential trains. Thus far, the term "RRP" has been used to refer to the transfer of synaptic charge elicited by a brief application of hypertonic solution, but now we present an independent measure of RRP size based only on the response to the action potentials. Three alternative methods for calculating this estimate are assessed. A cumulative amplitude analysis for calculating RRP size during action potential trains is plotted in fig. 5A . Because of ambiguities in peak detection later in the 20 Hz train (see fig. 2B ), the analysis was limited to the first 40 stimuli.
The peak synaptic currents are mostly composed of synchronous synaptic . We also note a discrepancy in RRP size estimates with these methods applied to our data. However, we do not find a difference with the alternative method presented in the next section. Graphical demonstrations of the methods are presented in figure 5 , and we return to this issue in the discussion.
RRP Size Is the Same with Action Potentials or Hypertonic Challenge
A third RRP size estimate based solely on the action potential train can be made based on a theory that models refilling of the RRP with first order kinetics The two independent RRP size estimates are remarkably similar. In fig. 6A , a value of "1" on the primary y-axis corresponds to the RRP size estimated from hypertonic challenge while a value of "1" on the secondary y-axis corresponds to the RRP size estimated from the action potential train using the method of Wesseling and Lo. Hypothesis testing reveals no significant difference between cumulative charge transfer in terms of these two estimates (p > 0.1, KolmogorovSmirnov). These are separate and independent RRP size estimates derived from different data. Since the RRP size is nearly identical with these two independent measurements, it is reasonable to conclude that the size of the RRP elicited by hypertonic challenge or action potential stimulation is within experimental error the same.
By drawing on the literature, we can compare our estimates of RRP size in primary hippocampal cell culture with similar results from a hippocampal slice preparation. Figure 6B We conclude whether RRP size is estimated from the response to a hypertonic challenge or action potential trains, approximately 25-30 action potentials at 20Hz are necessary to discharge the RRP. The basis for this conclusion is the consistency of findings with two independent measures of RRP size. By drawing on the literature, we find that these findings extend to the hippocampal slice preparation.
Discussion
Discharge of the Readily Releasable Pool by Action Potentials
Our main observation is measurements of action potential trains that discharge the RRP defined by brief applications of hypertonic solutions.
Asynchronous release contributes significantly to release of the RRP with trains of action potentials (Hagler and Goda 2001; Otsu et al. 2004 ). This result is independent of methods of estimating RRP solely from action potentials, and is simply a comparison of synaptic charge transfer with the two forms of stimuli.
Predicting the sort of action potential trains that may discharge the RRP is difficult because changes in presynaptic calcium lead to changes in synaptic strength (short-term plasticity) and mode of release (synchronous to asynchronous). Unique characteristics of our cell culture preparation allowed us to make a direct measurement. We find that relatively short action potential 
Methods for Estimating RRP Size From Action Potential Trains
We also applied published methods to our data to estimate RRP size based solely on the response to action potentials. The conclusion from these analyses is dependent on the method that is applied. Why are the three estimates ( fig. 5) so different? In this paper, we identify two sources of variability: the inclusion of asynchronous release and the nature of the correction for replenishment.
When cumulative methods are used to estimate RRP size from the response to action potential trains, there is a discrepancy compared to the RRP size estimated from the application of hypertonic solution. The largest discrepancy is with cumulative amplitude analysis ( fig. 5A ). However, the magnitude of the discrepancy is much less when asynchronous release is included with the cumulative area analysis ( fig. 5B) . In this paper, we accumulate total synaptic charge transfer with charge integrals across the entire recording for cumulative area analysis. Of the cumulative methods, we argue that cumulative area analysis is more accurate because of the inclusion of asynchronous release.
Both In summary, our main observation is measurements of action potential trains that discharge the RRP defined by brief applications of hypertonic solutions. Asynchronous release contributes significantly to release of the RRP with trains of action potentials. In excitatory hipppocampal neurons in cell culture, a reasonable conclusion is that the size of the RRP elicited by hypertonic challenge or action potential stimulation is within experimental error the same. 
